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The influenza matrix protein (M1) forms a protein layer under the viral membrane and is essential for viral stability and
integrity. M1 mediates the encapsidation of the viral RNPs into the viral membrane by its membrane and RNP-binding
activities. In order to understand the roles of M1–M1 protein interactions in forming the M1 layer, X-ray crystallographic
studies of a M1 fragment (1–162) were carried out at neutral pH and compared with an acidic pH structure. At neutral pH
the asymmetric unit was a stacked dimer of M1. A long molecular ribbon of neutral stacked dimers was formed by translation
as dictated by the P1 space group. The elongated ribbon had a positively charged stripe on one side of the ribbon. A similar
M1–M1 stacking interface was also found in the acidic asymmetric unit. However, within the acidic stacked dimer the
molecules were not straight, but rotated in relation to each other by slightly changing the M1–M1 stacking interface. The
acidic structure possessed an additional M1–M1 twofold interface. Protein docking confirmed that the M1–M1 stacking and
M1–M1 twofold interfaces could be used to form a double ribbon of M1 molecules. By iterative repetition of the rotated
relationship among the M1 molecules, a helix of M1 was generated. These studies suggest that M1 has the ability to form
straight or bent elongated ribbons and helices. These oligomers are consistent with previous electron microscopic studies
of M1, which demonstrated that isolated M1 formed elongated and flexible ribbons when isolated from what appeared to be
a helical shell of M1 in the influenza virus. © 2001 Academic Press
Key Words: influenza matrix protein M1; M1 helix; protein–protein interactions; virus assembly.
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Viruses have evolved a protein shell to protect their
nucleic acids from extracellular and intracellular environ-
ments that would destroy the genetic material. The en-
capsidation of the genetic material may involve a single
protein shell or multiple layers of protein coverings (John-
son and Chiu, 2000). These protein shells may aid in cell
entry or be coated by a viral membrane that contains
viral proteins required for entry (Marsh and Helenius,
1989). Protein shells are often referred to as nucleocap-
sids, capsids, and matrix layers, and the evolutionary
pressure to protect the genetic material leads to the use
of symmetry-related redundant protein interactions in
forming these protein layers (Crick et al., 1956). The use
of reoccurring protein interactions is an evolutionary
advantage and limits the amount of nucleic acid neces-
sary for encoding the protective protein shell. The most
common forms of redundancy for constructing viral pro-
tein shells seem to employ icosahedral and helical sym-
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34metries (Caspar and Klug, 1962). Intact icosahedral vi-
ruses are often amendable to structural studies by X-ray
crystallography and cryoelectron microscopy (Johnson
and Chiu, 2000). In some cases, solving or crystallizing
the intact virus is not possible because of the lack of high
symmetry. Therefore, individual components of the virus
are crystallized and the structures determined. The over-
all structure of the virus could be deduced by building
the virus with these subunit structures into the virion
based on low-resolution structures produced by electron
microscopy. This is the case for polymorphic viruses
such as HIV (Wilk and Fuller, 1999; Li et al., 2000), and
this strategy may be applied to other viruses such as the
influenza virus.
The influenza virus is also a polymorphic virus with
multiple proteins bound to the eight segmented genomic
RNAs. Virus preparations may contain viruses with vary-
ing sizes and shapes (Morgan et al., 1956; Choppin et al.,
961; Hoyle et al., 1961; Compans and Dimmock, 1969).
he virus consists of two layers of protein shells, the
ucleocapsid protein (NP) and the matrix protein (M1),
hat assemble around and protect the genomic RNAs.
ssembly of the influenza virus consists of a number of
imultaneous steps that take place in different compart-
ents of the cell (Lamb and Krug, 1996). The compart-
entalization mechanism of the host cell is employed to
irect the insertion of the viral proteins hemagglutinin
H
a
m
e
e
b
w
t
i
(
m
t
l
v
a
g
o
H
b
M
a
a
w
c
s
4
a
w
o
M
o
M
t
T
c
c
t
(
M
M
o
p
t
s
r
t
n
t
c
b
m
c
f
H
n
a
m
a
d
n
b
s
a
h
d
p
t
T
t
R
R
m
¥
m
a
s
c
R
t
c
35THE NEUTRAL STRUCTURE OF M1(HA), neuraminidase (NA), and M2 into the cellular mem-
brane. In the nucleus, the replicated genomic RNAs
along with the polymerase complex are coated with NP
to form RNA nucleoproteins (RNPs) (Pons et al., 1969;
onda et al., 1988). With a nucleation signal, M1 protein
cts as an adapter molecule by having dual activities: a
embrane-binding activity and a RNP-binding activity (Ye
t al., 1987, 1989; Wakefield and Brownlee, 1989; Bucher
t al., 1980). The membrane-binding activity allows M1 to
e accumulated at and bound to the cellular membrane
here HA and NA have been embedded. At the same
ime, the RNP-binding activity allows M1 to bind to RNPs
n the nucleus and assist in their export to the cytoplasm
Whittaker et al., 1996; O’Neill et al., 1998). Additional M1
olecules bind to the exported RNPs and transport them
o the cellular membrane where membrane-bound M1 is
ocated, and this is followed by the pinching off of the
irus from the cell surface. These combined events of
ssembly result in a viral particle in which the RNA
enome is complexed with NP and surrounded by a layer
f M1 that is underneath the viral membrane containing
A, NA, and M2. M1 is required for the association
etween the membrane and RNPs.
The aims of this study were to examine the roles of
1–M1 interactions in forming oligomeric states of M1
nd to understand how these oligomeric states may form
M1 layer. We determined the structure of M1 at pH 7.0,
hich is close to physiological pH at which virus parti-
les form. We compared and contrasted the neutral
tructure with a previous solved structure of M1 at pH
.0. M1 oligomers and atomic protein interactions were
lso evaluated. In addition, protein-docking experiments
ere carried out to simulate M1 molecules binding to
ne another. Computer-simulated repetition of a specific
1–M1 binding pattern generated a M1 supra-oligomer
f a helix. The observed forms of M1 oligomers and the
1–M1 interaction sites are consistent with M1 struc-
ures visible by electron microscopy.
RESULTS
he neutral and acid monomers have similar
onformations, indicating the lack of a pH-induced
onformational change
Previous studies from our laboratory solved the struc-
ure of a fragment of the M1 protein (2–158) at pH 4.0
Sha and Luo, 1997a). To better define the nature of
1–M1 interactions, X-ray crystallographic studies of the
1 protein at pH 7.0 were carried out. A 18-kDa fragment
f M1 (1–162) was expressed in Escherichia coli. The
urified M1 fragment crystallized in space group P1, and
he crystals diffracted X rays to 2.15 Å (Table 1). The
tructure at neutral pH was determined by the molecular
eplacement method with the structure at acidic pH as
he starting model. The overall monomer structure at
eutral pH corresponding to amino acids 2–158 is similar
a
ao that of the acidic structure (Fig. 1). The molecule
onsists of eight a-helices (H1–H4, H6–H9) and a 310
helix H5. The protein fragment can be divided into an N
domain consisting of H1–H4 and an M domain consist-
ing of H6–H9. Flexible loops in four regions are the main
differences between neutral and acidic monomers. The
root-mean-square deviation (RMSD) of the Ca positions
etween the superimposed neutral and acidic mono-
ers is 1.2 Å (Fig. 1). It seems that the RMSD is in-
reased due to the change in the position of these
lexible loops. Amino acids 70–76, which connect H4 with
5, are disordered in the electron density map of the
eutral structure (Fig. 1, asterisks). Although these amino
cids are visible in the acidic monomer, they seem to be
ore flexible, as indicated by high B factors. The loop
fter H5 and the loop between H8 and H9 are in a
ifferent conformation along with a repositioned C-termi-
us. Even though the N and M domains are connected
y a flexible loop containing H5, there are no relative
hifts between the domains when comparing the neutral
nd acidic monomers. This could result from the strong
ydrophobic interactions between the hydrophobic resi-
ues from H1 and H4 of the N domain and the hydro-
hobic residues from H8 and H9 of the M domain, which
ogether form a hydrophobic core between the domains.
he M2 ion channel allows the passage of protons into
he viral interior exposing the M1/RNP complex to low pH
TABLE 1
Data Collection and Refinement Statistics
Resolution 25–2.15 (2.25–2.15) Å
Observations 26,469 (1975)
Unique reflections 14,801 (1506)
Completeness (%) 94.1 (81.7)
^I&/^sI& 18.3 (5.89)
merge (%) 10.8 (20.2)
Crystal system Triclinic
Space group P1
Unit cell a 5 36.300, b 5 44.651, c 5 48.140 Å
a 5 96.344, b 5 111.071, g 5 102.579°
Asymmetric unit M1 dimer (unit cell contents)
R factor (%) 0.2250
free (%) 0.2679
Bond length deviation 0.011 Å
Bond angle deviation 1.92°
Note. R merge 5 ¥ hkl ¥ J51
N uI hkl 2 I hkl( j)u/¥ hkl NXI hkl. R merge compares N
data sets after merging. I hkl is the intensity of an individual measure-
ent of the reflection with indices hkl. R factor 5 ¥ hkluuF obsu 2 kuF calcu/
hkluF obsu. The crystallographic R factor indicates the correctness of a
odel protein structure. It gives a measure of the closeness of a built
tomic model to the collected diffraction data. F obs are the observed
tructure factor amplitudes from the diffraction data. F calc are the cal-
ulated structure factor amplitudes from the model protein structure.
Tfree 5 ¥ hkl,TuuF obsu 2 kuF calcuu/¥ hkl,TuF obsu. All reflections belonging to
he test set T of unique reflections is given by hkl , T. Refinement is
arried out with the remaining reflections, the working set W.nd promoting RNP release from M1 during viral entry
nd uncoating (Whittaker et al., 1996). The monomer
36 HARRIS ET AL.similarity at neutral and acidic pHs indicates that a gross
conformational change within the 18-kDa fragment of M1
during viral uncoating at acidic pH is unlikely.
The asymmetric units of the neutral and acid crystals
are stacked dimers
In addition to having similar monomer structures, the
neutral and acidic crystals have similar stacked dimers
in the crystallographic asymmetric units. Gel filtration
chromatography of full-length (1–252) and the 1–162-
amino acid fragment at neutral and acidic pHs indicate
that M1 can exist as a dimer in solution (Sha and Luo,
1997b; unpublished results). Compared with molecular
weights of the protein standards for gel-filtration chro-
matography, the apparent molecular masses of M1 full-
length and fragment were 50 and 40 kDa, respectively,
while calculated molecular masses for the full-length
protein and fragment were 27 and 18 kDa, respectively. It
was inferred from these observations that the M1 protein
forms a dimer in solution. The asymmetric unit of the
neutral structure consists of two M1 molecules stacked
on top of each other to form a stacked dimer (Fig. 2A). We
refer to this as the neutral dimer. The M1–M1 stacking
interface can be divided into an N–N domain interface
and an M–M domain interface (Fig. 2A, boxed letter S). It
appears that most of the flat surface between the M1
molecules is buried at the interface (Fig. 3A). A long
molecular ribbon of neutral dimers is formed by transla-
tion of the neutral dimer or asymmetric unit, as dictated
by the P1 space group (Fig. 2B, outline), which also
FIG. 1. The structure of a M1 monomer at neutral pH (blue) is
superimposed on a M1 monomer at acidic pH (gold). The RMSD for Ca
superimposition is 1.2 Å. Helices are labeled H1–H9 and N- and
C-terminals are labeled. The protein is divided into an N domain
(H1–H4) and an M domain (H6–H9). The neutral monomer (blue) has
different loop regions than the acidic monomer (gold). These include
the absence of amino acids 70–76 after H4 (asterisks) and the reposi-
tioned loops after H5 and between H8 and H9 and the C-terminus.creates a positively charged stripe on the M1 ribbon (Fig.
3B). H6 and H7 of each molecule contain arginines and
FIG. 2. The M1 asymmetric units of the neutral and acidic crystals
are shown. The asymmetric units consist of stacked dimers and the
packing arrangements within the unit cells are shown. M1–M1 stacking
interfaces between monomers of the dimers are represented by a
boxed letter S. N- and C-termini, helices, and domains are labeled. (A)
The asymmetric unit of the neutral crystal is referred to as the neutral
dimer. The neutral M1–M1 stacking interface is composed of N–N
domain and M–M domain interfaces. (B) The arrangement of the neu-
tral dimer in the unit cell. The space group is P1. Translation is used to
stack the neutral dimer (blue) on another neutral dimer (red) to form a
long ribbon, which is outlined. The crystal is built from the asymmetric
unit by translational symmetry along unit cell axes (gray molecules). For
clarity not all the contents of the unit cell are shown. Asterisks repre-
sent the absence of amino acids 70–76 after H4. (C) The asymmetric
unit of the acidic crystal is referred to as the acidic dimer. The acidic
M1–M1 stacking interface is composed only of a M–M domain inter-
face. The monomers are bent in relationship to each other. Arg35 and
Asn36 of the top molecule, which differ in conformation from the other
monomer, are marked. (D) The arrangement of the acidic dimer in the
unit cell. The space group is P3(1)21. The triangular symbol represents
a crystallographic threefold screw axis along the c axis of the unit cell
that relates the gray and blue acidic dimers. A black oval represents a
crystallographic twofold axis. The twofold axis creates a tetramer (blue
and red molecules). The tetramer is outlined. For clarity not all the
contents of the unit cell are shown. The largest oligomers are a long
ribbon for the neutral structure and a tetramer for the acidic structure.lysines that are clustered in a positively charged area on
each M1 monomer. Alignment of these molecules by the
37THE NEUTRAL STRUCTURE OF M1translational stacking interaction situates these posi-
tively charged areas on the same side of the ribbon (Fig.
3B). Residues involved in the neutral dimer stacking are
also involved in the interface of the ribbon translation
with a small positional shift.
Similarly, the asymmetric unit of the acidic structure
FIG. 3. Electrostatic surface potential drawings of the neutral ribbon
and acidic tetramer of M1 are shown. The scales for the surface
potentials are shown in the color bars. Blue denotes positively charged
regions and red denotes negatively charged regions. The M1–M1
stacking interfaces are represented by a boxed letter S. (A) Two neutral
dimers stacked on top of each other displaying translational stacking
and forming the neutral ribbon. (B) Rotated view of (A) showing align-
ment of positively charged surfaces of the M1 molecules. (C) Side view
of the acidic tetramer illustrating the rotated relationship in the acidic
tetramer. (D) Rotated view of (C) showing the positively charged area of
the acidic tetramer. (E) The tetramer contains a crystallographic twofold
axis (black oval). The tetramer also contains two NCS twofold axes (red
ovals). The M1–M1 interfaces along the NCS twofold axes are called
M1–M1 twofold interfaces (red ovals). Note, red ovals represent the
NCS twofold axes and the M1–M1 twofold interfaces, simultaneously.
The tetramer can be divided into two types of dimers. The tetramer can
be divided into two acidic dimers. One acidic dimer is outlined in black.
Alternatively, at the same time, the tetramer can be divided into two
NCS twofold dimers. One NCS twofold dimer is outlined in red and
contains a NCS twofold axis and a M1–M1 twofold interface. Each
monomer is a different color.determined previously (Sha and Luo, 1997a) may also be
defined as two M1 monomers stacked on top of eachother (Fig. 2C). We refer to this as the acidic dimer. The
same M1–M1 stacking interface is maintained, but the
monomers of the acidic dimer are rotated relative to
each other. The acidic M1–M1 stacking interface con-
tains only an M–M domain interface (Fig. 2C). Thus, the
most significant difference in the acidic structure is that
the monomers in the acidic dimer (Fig. 2C) are not
related by local translational symmetry despite the fact
that a similar surface of the M–M domain interface is
found in both the acidic dimer and the neutral dimer
(Table 2). Although bent, the acidic dimer still positions
H6 and H7 of each monomer on the same side to main-
tain the positively charged stripe. The major difference
between the two dimers is the conformation of Lys35 and
Asn36 in the loop between helices H2 and H3 of the N
domain of the top molecule (Fig. 2C). Residues in this
region of the N domain that flank Lys35 and Asn36 are
involved in making the N–N domain interface (Table 2).
FIG. 4. Dominant interactions at the M1–M1 stacking interfaces.
Close-up views of the stacking interface between M1 monomers of the
neutral dimer involving an N–N domain interaction (A) and an M–M
domain interaction (B). The top and bottom molecules are shown in red
and blue, respectively. (C) Close-up view of the stacking interface
between the M1 monomers of the acidic dimer involving an M–M
domain interaction only. The top and bottom molecules are colored
gold and blue, respectively. Atoms of residues involved in binding at the
interfaces are shown as ball and stick models (green). Hydrogen bonds
are represented by dotted lines. Helices and N- and C-termini where
visible are labeled.
b
t
38 HARRIS ET AL.Since the N–N domain interface is not present in the
acidic dimer, Lys35 and Asn36 have room to adopt a
different conformation.
TABLE 2
Residues at the Buried Surface of the M1–M1 Stacked Interfaces
Buried interface residues between the N domains
of the neutral dimer shown in Fig. 4A
Red top Blue bottom
Ser2 Pro16
Leu4 Ser17
Val31 Pro19
Phe32 Lys47
Ala33 Thr48
Gly34 Arg49
Thr37 Pro50
Leu66 Ile51
Thr67 Ser53
Pro69 Pro54
Lys57
Pro59
Buried interface residues between the M domains
of the neutral dimer shown in Fig. 4B
Red top Blue bottom
Lys104 Asn87
Arg105 Asp89
Ile107 Asn92
Thr108 Ala121
Gly136 Gly122
Ala137 Ile154
Thr139 Ser157
Thr140 Gln158
Glu141
Buried interface residues between the M domains
of the acidic dimer shown in Fig. 4C
Gold top Blue bottom
Lys104 Ser53
Arg105 Pro54
Glu106 Gly86
Ile107 Asn87
Thr108 Asp89
His110 Asn91
Thr139 Asn92
Glu141 Ala121
Gly122
Ala125
Ile154
Ser157
Note. Residues involved in the dominant interactions from the pro-
truding hydrophobic tops and concave bottoms of the interfaces as
shown in Figs. 4A, 4B, and 4C are in boldface type. Other residues at
the stacking interfaces are also listed, which make polar and nonpolar
interactions. Underlined residues are found at the M–M domain inter-
face of both the neutral and acidic dimers.There is a crystallographic twofold rotation axis in the
acidic crystal (space group P3(1)21), which yields atetramer (Fig. 2D, outline). The positively charged stripe
made by H6 and H7 in each stacking dimer is now
doubled in width (Fig. 3D). Two NCS (noncrystallographic
symmetry) twofold axes could also be defined in the
tetramer. We refer to M1–M1 interfaces along the NCS
twofold axes as M1–M1 twofold interfaces, which are
labeled by red ovals (Fig. 3E). An M1–M1 twofold inter-
face within the tetramer includes the loops before and
after H5 and the loop between H8 and H9 in the M
domain (Fig. 1) and has been discussed in detail previ-
ously (Sha and Luo, 1997a). The M1–M1 twofold inter-
face buries approximately 2g115 Å2 of surface area. Al-
though the neutral ribbon and acidic tetramer differed in
length and width in the crystal, the basic building blocks
are the stacked dimers with roughly the same orientation
of M1 molecules. The dimers in the acidic tetramer make
additional interactions referred to as the M1–M1 twofold
interfaces (Fig. 3E, red ovals).
Residues at the M1–M1 stacking interface allow
interface rotation
The M1–M1 stacking interfaces in neutral and acidic
stacking dimers were examined to characterize residues
forming the interface and to elucidate a possible expla-
nation for M1–M1 interface rotation. In the stacking
dimers, the N–N domain interface or the M–M domain
interface can be viewed as the docking of a small hy-
drophobic protrusion (top residues) onto a small hydro-
phobic depression (bottom residues) (Figs. 4A and 4B,
respectively). The dominant interactions in the interfaces
are van der Waals interactions between hydrophobic
residues and two hydrogen bonds. The carbonyl of Thr67
forms a hydrogen bond with the amide nitrogen of Ile51.
The side chain of Asn87 located in the flexible loop after
H5 forms a hydrogen bond with the carbonyl of Ala137 in
the loop of H8 and H9. Less dominant residues sur-
rounding these dominant residues are part of the buried
surface area and make polar and nonpolar interactions
when the hydrophobic surfaces stack onto each other.
For clarity, only the dominant interactions of the interface
are shown in Figs. 4A and 4B; other residues are listed in
Table 2. Water molecules are excluded from the binding
interfaces, but do bind to the protein surface near the
interfaces. The total neutral M1–M1 stacking interaction
results in approximately 1100 Å2 of buried surface area.
The M1–M1 stacking interface of the acidic dimer can
e dissected into only an M–M domain interface due to
he rotation (Fig. 4C). It results in approximately 880 Å2 of
buried surface area. Thirteen of the 18 residues found at
the M–M domain interface in the neutral dimer remain
involved, whereas additional residues are included (Ta-
ble 2). The small hydrophobic protrusion of the top mol-
ecule lands a little deeper in the hydrophobic depression
of the bottom molecule. This new position allows the
side chain of Ile107 to reach further in the hydrophobic
39THE NEUTRAL STRUCTURE OF M1depression and to engage 3 more residues at the inter-
face in the hydrophobic depression (Fig. 4C). Going fur-
ther into the hydrophobic depression may help to lessen
the thermodynamic penalty of exposing the buried sur-
face of the N–N domain interface to solvent and loss of
a hydrogen bond at the N–N domain interface in the
acidic dimer. The side chain of Asn87 in the flexible loop
after H5 is now forming a hydrogen bond with the car-
bonyl of Glu106 in the loop between H6 and H7, instead
of the carbonyl of Ala137 in the loop between H8 and H9.
In addition, the side chain of Asn92 forms a new hydro-
gen bond with the carbonyl of Arg105 (Fig. 4B vs Fig. 4C).
M1 oligomers can be built by using M1–M1 stacking
and M1–M1 twofold interfaces
To analyze how oligomers of M1 could be formed with
different patterns of M1–M1 interfaces, protein-docking
experiments were carried out in which molecular sur-
faces of molecules were matched according to comple-
mentarity in size and shape, close packing, and the
absence of steric hindrance at physiological pH (7.4). The
SoftDock program used in this study is a modified ver-
sion of the program by Kim and Jiang (1991), which has
an interface with the graphic program Ribbons (Carson,
1991). Both neutral and acidic dimers (Figs. 2A and 2C)
and the NCS twofold dimer (Fig. 3E, red outline) from the
acidic tetramer were used in the docking study. The
choice of these different probing dimers allowed all
M1–M1 interaction surfaces to be evaluated in docking.
For example, the neutral and acidic dimers leave the
M1–M1 twofold interaction surfaces free for docking. In
contrast, the NCS twofold dimer covers the M1–M1 two-
fold interaction surfaces, but leaves the hydrophobic
M1–M1 stacking surfaces free for docking. The structure
of the C-terminal domain of the M1 protein is unknown,
and we conceptually placed the C-terminal domains into
the docked complexes (Fig. 5, light green ovals). The
C-terminal domain (159–252) presumably begins after H9
because amino acids 2–158 are stable to protease di-
gestion, suggesting compact N and M domains joined
via a flexible linker to a C-terminal domain (Sha and Luo,
1997b; unpublished results).
The complexes resulted from docking are presented in
Fig. 5. Target molecules that were held stationary are
shown in blue, and the probe molecules that were moved
and docked are shown in red. M1–M1 twofold interfaces
and M1–M1 stacking interfaces used to dock the mole-
cules together are represented as red ovals and boxed
letter S’s, respectively. The results showed that the
stacked dimers of M1 were docked together through the
M1–M1 twofold interface (Figs. 5A and 5B). The NCS
twofold dimers, on the other hand, were associated by
the hydrophobic M1–M1 stacking interface (Figs. 5C and
5D). The docked complexes consisted of tetramers with
the positively charged areas of the M1 molecules facinga similar general direction. The tetramers had a twofold
symmetry (Figs. 5A, 5B, and 5C) analogous to the twofold
symmetry in the crystallographic tetramer (Fig. 2D, out-
line).
Interestingly, a NCS twofold dimer molecule could
dock on the top or bottom of itself by using the hydro-
phobic M1–M1 stacking interfaces. Figure 5D shows two
NCS twofold dimers (red) docked on both sides of an-
other NCS twofold dimer (blue) to form a double ribbon.
The double ribbon contains both M1–M1 stacking and
M1–M1 twofold interfaces. The positively charged areas
of the molecules are approximately on the same side
(Fig. 5D, inset). Presumably, this double ribbon repre-
sents a larger M1 oligomer that could be created by
combining the M1–M1 stacking interactions from the
elongated ribbon and the M1–M1 twofold interactions
from the tetramer. As a result, the ability of the NCS
twofold dimers to stack on each other and form a large
M1 oligomer was further explored.
Repetition of the rotated M1–M1 stacking interface
between NCS twofold dimers produces an M1 helix
Since docking results indicated that NCS twofold
dimers had the ability to form a double ribbon (Fig. 5D),
the repetitive stacking of NCS twofold dimers on each
other was simulated using the symmetry relationship
between the two NCS twofold dimers in the tetramer (Fig.
3C). First, the crystallographic tetramer was divided into
two NCS twofold dimers that stack on top of each other
(Fig. 3E, red outline). Next, a rotation and translation
matrix was derived that related the bottom NCS twofold
dimer to the top NCS twofold dimer. This rotation and
translation matrix was continuously reapplied to the tet-
ramer to produce a superstructure. The resulting struc-
ture was a modeled helix of M1 with an outer diameter of
approximately 200 Å (Fig. 6A) and 16 molecules per turn.
Figures 6A and 6C show views down the helical axis,
and Fig. 6B shows a side view of the helix. In the
simulated helix, the first round of M1 molecules forms a
rather close contact with the second round (Fig. 6B).
There are no gaps or collisions between the first and
second rounds of M1 molecules. There are no potential
hydrogen bonds between the rounds, but the interface
between the rounds might have van der Waals and polar
interactions. The inside of the helix is lined by the pos-
itively charged areas formed by H6 and H7 of the M1
molecules (Fig. 6D). Again, the unsolved C-terminal do-
main has been placed into the structure at the tip of H9
and appears to reside on the inside of the M1 helix (Figs.
6C and 6D).
DISCUSSION
The role of M1–M1 interaction interfaces in the oli-
gomerization of M1 could be inferred from the observa-
tions from this study. First, M1 could form an elongated
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40 HARRIS ET AL.ribbon of single M1 molecules by M1–M1 stacking inter-
actions (Fig. 3B). At the same time, M1 could form a long
ribbon of double M1 molecules by inclusion of additional
M1–M1 twofold interactions (Fig. 5D, inset). Next, be-
cause the M1–M1 stacking interaction interface can
bend, the double ribbon of M1 molecules may be ex-
tended into a helix (Fig. 6D). The M1–M1 stacking inter-
action could be straight if both N–N and M–M domain
interactions are included, as seen in the neutral elon-
gated ribbon (Fig. 3A), or bent if only M–M domain
interactions are included, with enlargement, as seen in
FIG. 5. Oligomers generated from protein docking experiments. The
arget molecules that were stationary are shown in blue and the probe
olecules that were moved and docked onto the target are shown in
ed. The target and probe had the same starting coordinates. (A)
eutral dimer. (B) Acidic dimer. (C) NCS twofold dimer. (D) A docked
omplex of three NCS twofold dimers with electrostatic potential in
nset. M1–M1 interfaces used to create the docked complexes are
llustrated as follows. An M1–M1 twofold interface is represented by a
ed oval and an M1–M1 stacking interface is represented by a boxed
etter S. (D inset) Electrostatic surface potential drawing of the three
CS twofold dimers in (D). In the inset red represents negatively
harged areas and blue represents positively charged areas. The scale
or the surface potential is the same as in Fig. 6C. N-termini are labeled.
he C-termini are marked by the beginning of the black loops. The
lack loops and transparent light green ovals represent the unsolved
-terminal domains of the M1 structures (159–252).the acidic tetramer (Fig. 3C). Last, it appeared that no
matter what the oligomeric status is, the positivelycharged areas of all M1 molecules were oriented on the
same side of the oligomer.
The results from this study on the oligomeric states of
M1 can be correlated with electron microscopic obser-
vations of free M1 oligomers and the M1 layer within the
virion. Studies on the internal components of the influ-
enza virus by electron microscopy indicated that M1
could form a helix or coil (Nermut, 1972; Oxford and
Hockley, 1987). Each turn of the helix appeared to consist
of a pair of lines (Murti et al., 1992; Ruigrok et al., 1989;
Oxford and Hockley, 1987). It was shown that M1 mole-
cules appeared as thin rods that could be interpreted as
flexible ribbons and coils of M1 (Ruigrok et al., 1989,
000). Thus, electron microscopy indicates that M1 pro-
ein could form two major types of supra-structures. The
elix or coil would be one type of structure, and flexible
trands or ribbons would be another type of structure.
ur structural analysis suggests that M1 molecules
ould associate via their M1–M1 stacking interfaces to
orm an extended ribbon structure of single or double
olecules. This M1–M1 stacking interface is also very
lexible to allow a significant bend between M1 mole-
FIG. 6. M1 helix generated from the repetition of the local rotation
relationship between NCS twofold dimers of the acidic tetramer. (A)
View down the helical axis. Consecutive sections of the helix are
represented as green, blue, red, and yellow molecules. (B) Rotated
view of the helix indicating the transition from the first to second turn of
the helix. The bottom green molecule is the first molecule of M1 in the
first turn. Above it is a red molecule of M1 that represents the end of the
first turn, and the beginning of the second turn is represented by yellow
M1 molecules. Electrostatic surface potential drawings of the surface
between the first and second turns of the helix looking down the helical
axis (C) and inside the helix (D). C-terminal domains are represented by
transparent light green and green ovals and black loops extending from
the C-terminus of H9.
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41THE NEUTRAL STRUCTURE OF M1cules that twists the double ribbons into a helix with a
diameter of approximately 200 Å (Fig. 6A). This modeled
helical structure is consistent with the coil of isolated M1
in terms of size (diameter) (Ruigrok et al., 2000) and with
the double lines of M1 helices in the virion as previously
reported (Ruigrok et al., 1989) if the diameter of the helix
s slightly increased. The crystal structures of M1, neutral
nd acidic, were determined in the absence of RNA or
NP. If the oligomerized M1 molecules bind to RNP, it is
ossible that the size and the shape of the M1 ribbons
ould adapt to that of RNP because the stacking inter-
aces are very flexible. The ribbons observed in the
eutral crystal could represent one extreme of fully ex-
ended straight structures, while the bent acidic oligomer
ould represent the other extreme of the curved ribbon
tructures. The actual M1 structures present in the as-
embly of influenza virus may be in an intermediate form
f association dictated by the interactions with other
omponents in the virion.
The M1 oligomers also suggest additional features
oncerning the construction and structure of the M1
ayer. First, M1 molecules in the crystallographic oli-
omers are arranged so that the positively charged area
f each M1 monomer is in the same general orientation
Fig. 3). In the modeled M1 helix, these positively
harged areas are on the inside of the helix (Fig. 6D).
his may indicate that these positively charged areas are
nvolved in RNP binding since M1 was observed in
lectron microscopy to coil around RNP. M1 binds to
NA cooperatively (Wakefield and Brownlee, 1989), and
he lining up of positive charges in the oligomeric M1
olecules as extended ribbons or helices could also
xplain the cooperativity observed in RNA interaction.
ross-linking studies indicate that M1 can bind RNA via
he positively charged domain (Elster et al., 1997). M1
nd RNP interactions are pH sensitive and without M1
he RNA in RNPs is more sensitive to digestion (Zhirnov,
992; Ye et al., 1999). The RNPs are flexible helical
tructures, and the RNA can be removed without disrupt-
ng the NP protein structure. This indicates a certain
ooseness between NP and RNA, which may allow the
xposure of some portions of the RNA for M1 binding
Ruigrok and Baudin, 1995).
In addition, it seems unlikely that M1–RNP interaction
nvolves only M1–RNA interactions because specific
1–NP interactions would aid in selective packaging. It
as been proposed that the C-terminal domain, which is
issing in our X-ray structures, plays a role in RNP
uclear export by binding to the influenza NS2/NEP (nu-
lear export protein) (Yasuda et al., 1993; Whittaker et al.,
1996; O’Neill et al., 1998). However, within the assembled
virus, there is more M1 than NS2/NEP; therefore, most
M1 C-terminal domains will not be bound to NS2/NEP. In
our modeled M1 helix, the C-terminal domain would be
on the inside of the helix coming from the end of H9 (Fig.
6C). It would require a very long flexible linker to put it on
T
sthe outside of the helix. The oligomerization of M1 may
also be important for cooperativity in membrane binding
by aligning the sites of M1 that bind to the membrane
and cytoplasmic tails of HA and NA (Zhang et al., 2000).
The surfaces exposed in the helical arrangement are not
compatible with the data available for membrane bind-
ing, and it is unclear which exact areas of M1 bind to the
membrane. It has been shown that hydrophobic portions
of M1 bind to membranes and it has been suggested that
M1 undergoes a conformational change to place these
hydrophobic regions into the membrane (Bucher et al.,
1980; Gregoriades and Frangione, 1981; Sha and Luo,
1997a). To the contrary, other results suggested that the
majority of the M1 protein does not insert into the mem-
brane and binds through electrostatic interactions by
using the positively charged areas of M1 (Ruigrok et al.,
2000).
The M1–M1 stacking and M1–M1 twofold interfaces
appear to be biologically relevant by the nature of these
interactions. First, the M1–M1 stacking interfaces buried
1100 and 880 Å2 of surface area in the neutral ribbon and
the acidic tetramer, respectively. The M1–M1 twofold
interface buried 2115 Å2 of surface area. These were
within the range for protein–protein interfaces of many
protein complexes (Lo Conte et al., 1999). It was more
than what would be expected for random crystal con-
tacts, which would have approximately 100–500 Å2 of
uried surface area (Carugo and Argos, 1997). Second,
ther viral protein oligomers and helices have also been
enerated using a similar method. Eisenstein et al.
1997) used a helix-forming algorithm that performed
eometric matching of molecular surfaces with rotation
nd translation matrices to model a disk of the TMV coat
rotein that was very similar to the disk obtained from
-ray fiber diffraction (Namba et al., 1989). It has been
hown that M1 expressed alone in COS-1 cells assem-
les into virus-like particles, which are released into the
ulture medium. At the same time, M1 accumulated
ntracellularly and formed tubular structures (Gomez-Pu-
rtas et al., 2000). If these M1 tubes represent a version
f our modeled M1 helix, this system may permit future
tudies that test the role of M1–M1 protein interfaces in
he formation of M1 supra-structures and their relevance
n viral assembly.
MATERIALS AND METHODS
xpression and purification of M1
To generate an insert coding for amino acids 1–162
orresponding to the M1 fragment crystallized at pH 4.0,
cloned M1 cDNA was used as a template for amplifi-
ation by polymerase chain reaction (PCR) with synthetic
ligonucleotides primers 59GGAATTCCATATGGTCTTCT-
ACCGAC39 and 39GTCGTAGCCAGAGTATCCGTTACTC-
TTAAGGGCC59. This introduced NdeI and EcoRI re-
triction sites at the 59 and 39 ends, respectively. Ampli-
p
a
t
g
b
C
T
N
t
1
D
p
P
s
E
l
m
d
D
S
S
r
(
Q
t
4
d
o
a
A
l
T
e
w
d
r
s
a
7
a
w
w
Q
t
f
n
C
a
e
M
t
(
t
i
t
o
t
t
d
d
a
i
s
a
a
1
S
c
w
s
n
p
a
e
t
f
p
T
t
w
w
X
42 HARRIS ET AL.fied DNA was digested with NdeI and EcoRI and then
ligated into a corresponding digested pET-21b expres-
sion vector. The resultant plasmid was designated pET-
21b-NF3.
One liter of L broth (50 mg/ml AMP) inoculated with a
colony of E. coli (BL21.DE3) containing the expression
plasmid pET-21b-NF3 was grown overnight without the
addition of IPTG. Cells were collected by centrifugation,
and the pellet was resuspended in a 50 mM NaH2PO4,
H 7.0 buffer. The solution was sonicated to lyse the cells
nd centrifuged to remove cellular debris. The superna-
ant was loaded onto a Mono Q ion-exchange column. A
radient from 0 to 1.0 M NaCl in a 50 mM NaH2PO4, pH
7.0, buffer was used. The M1 eluted at 0.2 M NaCl and
was further purified using a Superdex-75 gel filtration
column and a 50 mM NaH2PO4, 150 mM NaCl, pH 7.0,
uffer. The protein was concentrated to 1.0 mg/ml.
rystallization
The hanging drop method was used to grow crystals.
he protein concentration was 1.0 mg/ml in 50 mM
aH2PO4, 150 mM NaCl, pH 7.0. The precipitating agent
was 5% PEG 3350 in 50 mM NaH2PO4, pH 7.0. A protein
o precipitate ratio of 2:3 ml was used. Crystals grew after
0 days at 25°C.
ata collection and processing
Two crystals were used to collect data for the neutral
H structure. X-ray data were collected at 103 K using 7%
EG as cryoprotectant on an R-AXIS IV image plate
ystem mounted on a Rigaku RU-200 rotating anode.
ach crystal was rotated a total of 180° with a 1° oscil-
ation per frame. The exposure time per frame was 20
in with a crystal to detector distance of 150 mm. X-ray
ata were processed using the program packages
ENZO and SCALEPACK (Otwinowski and Minor, 1997).
tatistics for the data are shown in Table 1.
tructure determination and refinement
Crystallographic phases were obtained by molecular
eplacement, and refinement was carried out with CNS
Brunger et al., 1998). Model building was performed with
UANTA (X-ray Structure Analysis, Molecular Simula-
ions Inc., 1997). A single M1 polypeptide chain of the pH
.0 structure (2–158) served as the search model with
ata from 8.0- to 4.0-Å resolution with the space group as
riginally defined P1. The top solution from the rotation
nd translation search was taken as the starting model.
lthough the overall map drawn with this solution did
ook good, density was weak for amino acids 69–77.
hese amino acids were removed, breaking the M1 mol-
cule into its N and M domains. The positioned model
as then subjected to refinement defining the individual
omains as a rigid body. This would account for any
elative domain shifts between the new structure and the
e
cearch model. After simulated annealing using torsion
ngle refinement, there was still no density for residues
0–76. During refinement, only density for residues 69
nd 77 appeared within this region. Residues 70–76
ere not included in the final model. At an R factor of
25%, B factor refinement began and water molecules
ere added. Successive cycles of model building in
UANTA and gradient minimization improved the R fac-
or. Inspection of electron density maps revealed no new
eatures. The R factor converged and refinement termi-
ated. Refinement statistics are shown in Table 1.
omparison of M1 interactions in the neutral and
cidic structures
M1–M1 protein interaction interfaces and protein ori-
ntations from the neutral and acidic crystal structures of
1 were compared. The acidic coordinates were from
he previously solved M1 at acidic pH from our laboratory
Sha and Luo, 1997a). The neutral coordinates were from
he current study. Monomers were compared by super-
mposing the Ca coordinates to obtain a RMSD between
he molecules by using the molecular similarity module
f QUANTA. For oligomer comparisons, coordinates of
he acidic structure were used to generate the acidic
etramer using QUANTA. The interaction interfaces were
efined as solvent inaccessible residues within the M1
imers. The Lee and Richards (1971) buried surface
ccessibility calculation was carried out as implemented
n CNS. A probe radius of 1.4 Å was used. The electro-
tatic surface potentials of the molecules were gener-
ted using the program GRASP to compare the features
nd orientation of charged surface areas (Nicholls,
992).
oft-docking of M1 molecules
The program SoftDock was used to dock M1 mole-
ules together (Kim and Jiang, 1991). The same M1 dimer
as used both as the probe and as the target in these
elf-docking experiments. M1 oligomers were from both
eutral and acidic crystal structures. Self-docking was
erformed with the following molecules: neutral dimer,
cidic dimer, and NCS twofold dimer. The program gen-
rated a ranked list of the highest scored rotated and
ranslated probe molecules as Protein Data Bank (pdb)
iles, based on energetic interactions. The docked com-
lexes were evaluated visually on a graphical interface.
o examine symmetry elements, the orientation between
he two molecules within their particular docked complex
as compared. First, rotation matrices were computed
ith CNS. Next, the program ROTMan as implemented in
-PLOR was used to analyze the rotation matrices and to
valuate any symmetry operators present in the docked
omplex (Brunger, 1992).
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43THE NEUTRAL STRUCTURE OF M1Modeling of M1 helix
In the acidic structure, two NCS twofold dimers of M1
are stacked on each other to form a tetramer with a bend.
The rotation and translation matrix that relates the bot-
tom NCS twofold dimer to the top NCS twofold dimer was
derived with CNS. This rotation and translation operation
was then repeatedly applied to the tetramer. Each time,
the operation moved the NCS twofold dimer 1 of the new
tetramer position onto the NCS twofold dimer 2 of the
previous tetramer position. Twenty successive rounds of
reapplying the matrix in a loop fashion to output coordi-
nates were performed. All of the pdb files were displayed
on molecular graphics to observe their relative orienta-
tion to one another and to the resulting oligomer.
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